We study the phase diagram at T = 0 of the antiferromagnetic Heisenberg model on the triangular lattice with spatially-anisotropic interactions. For values of the anisotropy very close to J α /J β = 0.5, conventional spin wave theory predicts that quantum fluctuations melt the classical structures, even for arbitrary values of S. From the limit of weakly coupled chains, J β << J α , it is shown that a finite value of J β /J α = 0.27 is required to switch on a magnetization. The existence of such nonmagnetic states suggests the possibility of spin liquid behavior for intermediate values of the anisotropy.
For a long time frustrated quantum antiferromagnets have been intensively studied. In this context, the antiferromagnetic Heisenberg model on a triangular lattice is a prototype for such systems. From the proposition of Anderson and Fazekas that this model is a candidate to exhibit spin liquid behavior [1] , a lot of work was done to understand the nature of its ground state. Although there is a general conviction that the ground state is ordered with a magnetic vector Q = (4π/3, 0) [2, 3] , some authors found a situation very close to a critical one or no magnetic order at all, leaving the answer still controversial [4, 5] . A systematic way to study the role of frustration is to vary the strength of the exchange interaction along the bonds. Recently Bhaumik et al. [6] explored the existence of collinear phases on triangular and pentagonal lattices and proposed that the critical value of the anisotropy, below which the ground state has collinear order, can be taken as a measure of frustration.
From the experimental point of view, the unconventional properties of the organic superconductors κ − (BEDT − T T F ) 2 X and their similarities with the cuprates [8] renewed the interest in the triangular topology. In particular, it was argued [7, 9] that the Hubbard model on a triangular lattice with anisotropic interactions at half filling could be a good candidate to explain such properties. In the limit of strong coupling this model can be mapped to the Heisenberg model with anisotropic interactions J α = t 2 α /U, J β = t 2 β /U where t α and t β are the anisotropic hoppings. Furthermore, experiments suggest that the relevant values of J α /J β are about 0.3 − 1 (see for details Ref. [9] ), so the combined effect of anisotropy and frustration will take an important role in these materials.
In this paper we address the phase diagram of the Heisenberg model on the triangular lattice with spatially-anisotropic interactions by mean of conventional spin wave theory. Our approach provides the values of anisotropy where nonmagnetic states appear signaling the possible existence of spin liquid behavior.
The Hamiltonian is:
where J α and J β are positive and correspond to interactions along directions δ α and δ β respectively (see figure 1) . In order to develop a linear spin wave theory, we need to know previously the classical phase diagram. Basically, we replace the spin operators by classical vectors on the x − y plane and minimize the energy which is equivalent to find the magnetic vector Q satisfying:
The minimization of eq. (2) can be carried on easily for each value of µ = J α /J β and it can be shown that there are two kinds of phases:
• Collinear: this state is characterized by Q col = (0, 2π/ √ 3), and it is stable in the region 0 ≤ µ ≤ 0.5. The case µ = 0 is topologically equivalent to a square lattice and Q col on a triangular lattice produces the same magnetic structure than (π, π) on a square one.
• Incommensurate spiral: in this state Q spi = (2Q, 0), where Q = cos −1 (−1/2µ), and it is stable in the region 0.5 < µ < ∞. For µ = 1 we have the pure frustrated case which corresponds to the 120
• commensurate spiral order and for µ = ∞ we have infinite decoupled classical chains each one Néel ordered.
In figure 2 we represent the possible values of ±Q in the Brillouin zone for different values of µ. Using the invariance in k-space under translations G = (±2π, ∓2π/ √ 3) we can see that the transition between all the possible states is continuous. We are interested in how the transition between these classical sates is affected by quantum fluctuations. The strategy to perform the spin wave calculation is the one-sublattice description. We apply a uniform twist of the coordinate frame in such a way that x-axis direction coincides, in each site, with the direction of the classical structure. This allows us to incorporate quantum fluctuations in a unique way for collinear and spiral phases. The next steps are well known [10] and we only describe the procedure. i) The angular momentum operators are expressed by mean of the Holstein-Primakov transformation, ii) the Hamiltonian is expanded to order 1/S (quadratic order in bosons), iii) after Fourier transforming, the Hamiltonian can be diagonalized by a Bogoliubov transformation resulting:
and
The compact equation (3) gives the dispersion relation for all the different phases labeled by Q. In particular, for µ = 0 we recover the spin wave spectrum of the square lattice while for µ = 1 we obtain the triangular one (spatially isotropic). Independently of the value of Q it can be checked that E(k) = 0 for k = 0, ±Q, and these zero-modes are the three Goldstone modes related to the complete symmetry-breaking of the SU(2) invariance. However, for collinear phase Q is equivalent to −Q and two zero-modes are recovered. Maybe the most interesting result is that if we expand E(k) near these zeros the behavior of E(k) is linear for all µ = 1/2, while for µ = 1/2, around k = (0, 0) and along the direction of k x it becomes quadratic showing the softening of the spin wave modes for all S (see figure 3 ). This is manifested in the magnetization,
where the integration is over the Brillouin zone of the triangular lattice. In the second term of eq.(4) the integrand diverge for k = 0, ±Q but the integral remains finite in 2D for all µ = 1/2, while for µ = 1/2 quantum fluctuations are arbitrarily amplified, because of the quadratic behavior of E(k) near k = (0, 0), and the integral diverges disordering the ground state for all S. In order to estimate the region where the system is disordered for S = 1/2, we calculated the quantum corrected magnetization for each classical structure. In what follows we rescale µ → η = µ/(1 + µ). This allows to capture all the possible values of µ in a finite range 0 ≤ η ≤ 1. Figure 4 shows that spin wave theory predicts a collinear phase at η = 0 with m 0 = 0.303 and as we increase the frustration it is weaken continuously getting disordered just before the classical value η = 1/3. Immediately after this value, an incommensurate order is stabilized starting from m 0 = 0 and it becomes more robust as we approach the spatially isotropic case η = 0.5 where the structure is commensurate, Q =(4π/3, 0), and m 0 = 0.239. If we continue increasing η incommensurate structures appear again with decreasing m 0 until the critical value η = 0.79 where magnetization vanishes. Beyond this value, the ground state is disordered and we speculate that the picture is that of weakly coupled chains (see below). We note that the singular behavior obtained near η = 1/3 does not appear in previous studies of this model. In fact, Gazza et al.
[11] performed a Schwinger boson mean field theory and found a continuous transition from collinear to spiral phases at η = 0.375 but with a nonvanishing magnetization m 0 ∼ 0.175.
However, inclusion of gaussian fluctuations in this theory would tend to decrease the order, as it is known to occur in highly frustrated cases [12, 3] , reaching more accord with our spin wave results. The same happens with both theories in the J 1 − J 2 model on a square lattice [13, 14, 12] . On the other hand, the fact that m 0 goes to zero at η = 0.79 means that we need a finite value, J β /J α = 0.27, of the transverse coupling to switch on a magnetization when we come from the limit of decoupled chains. This is contrary to what is believed to occur in the square case, where an infinitesimal coupling is necessary to take the chains away from criticality and get ordered [15] . Actually, a spin wave calculation on a square lattice [16] does not give an infinitesimal value, but a very small one, about J ⊥ /J ∼ 0.03. Furthermore, in the limit of J β << J α and because of lattice topology, our problem can be thought as many zig-zag coupled ladders. It is known that in the single ladder case the gap of excitations is ∆ ∼ e (−const. J β /Jα) [17] , and our result is consistent with the speculation that this gap is still present in the many ladders limit [9] for a finite range of the parameter J β /J α .
In figure 5 we show the phase diagram for all S. The continuous lines indicate the regions where the magnetization goes to zero for the different phases. Although very small, there is a thin window where the system disorders, around η = 1/3, for large S. This window increases for small values of S starting from S ∼ 0.5. In the limit of many decoupled chains, η = 1, spin wave theory breaks down giving m 0 = −∞ which is difficult to note in the figure.
In conclusion, we have studied the Heisenberg model on a triangular lattice with spatiallyanisotropic interactions by mean of a spin wave analysis. We calculated the classical and quantum corrected phase diagram at T = 0 for the whole range of parameters η = J α /(J α + J β ) obtaining different regimes: collinear, incommensurate spirals and weakly coupled chains phases. The nonmagnetic region found very near the singular value η = 1/3 and for all S suggests the possible existence of a spin liquid phase. A similar scenario occurs in the J 1 −J 2 and J 1 −J 3 model on a square lattice [13, 18] . It is clear from our approximation that it should be more probable to find a spin liquid behavior near η = 1/3 than in other region of the diagram between collinear and spiral phases. Though this region is small, it is just located in the range where the experimental values of J α /J β are relevant for organic superconductors κ − (BEDT − T T F ) 2 X. Moreover, in the limit of weakly coupled chains we found that it is required a finite transverse coupling J β /J α = 0.27 to switch on a magnetization. This is contrary to the scenario for a square case and it reflects the topological difference between the transverse couplings in both lattices.
Finally, we would like to stress that by applying a simple approximation like spin wave theory we have obtained a very rich phase diagram. Of course, we have not demonstrated the existence of spin liquid phases but the appearance of nonmagnetic regions indicates the possible location of them. Another quantities like spin gap or correlation functions are needed to explore more deeply the nature of these phases, and it requires more powerful techniques.
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